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Abstract
In this paper, we continue our phenomenological studies of heavy-ion collisions using 3+1d
anisotropic hydrodynamics (aHydro). In previous works, we compared quasiparticle aHydro (aHy-
droQP) with ALICE 2.76 TeV Pb-Pb and RHIC 200 GeV Au-Au collision results. At both energies,
the agreement was quite good between aHydroQP and the experimental data for many observables.
In this work, we present comparisons of the Hanbury Brown–Twiss (HBT) radii and their ratios
determined using pi+pi+ pairs produced in 200 GeV Au-Au collisions. We first present comparisons
with STAR results for the HBT radii and their ratios. We then present comparisons with PHENIX
results for the HBT radii and their ratios. In both cases, we find reasonable agreement between
aHydroQP predictions and available experimental results for the ratios of HBT radii. At the level
of the radii themselves, in some cases quantitative differences on the order of 10-20% remain, which
deserve further study.
Keywords: Quark-gluon plasma, Relativistic heavy-ion collisions, Anisotropic hydrodynamics, femtoscopy
radii, Boltzmann equation
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I. INTRODUCTION
Heavy-ion collision experiments at the Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) create and study the quark-gluon plasma (QGP) under very ex-
treme conditions. Relativistic dissipative hydrodynamics has been quite successfully used to
describe the collective behavior seen in these experiments [1–7]. A decade ago, anisotropic
hydrodynamics was introduced as a new approach which takes into account the fact that
the QGP is a highly momentum-space anisotropic plasma at early times and near its lon-
gitudinal/transverse edges [8–12]. It was only recently that anisotropic hydrodynamics was
extended to include both shear and bulk viscous effects and a 3+1d code was developed
which enabled practioners to perform phenomenological comparisons [13–15].
In recent years, using our quasiparticle anisotropic hydrodynamics code (aHydroQP),
we presented phenomenological comparisons with data available at different collision ener-
gies. We first showed comparisons with 2.76 TeV Pb-Pb collision data from the ALICE
collaboration [13, 14]. We presented comparisons of charged-hadron multiplicity, identified-
particle spectra, identified-particle average transverse momentum, charged-particle elliptic
flow, identified-particle elliptic flow, the integrated elliptic flow vs pseudorapidity, and the
HBT radii. These comparisons showed that the agreement is quite good between our model
and the experimental data. Subsequently, we presented comparisons with 200 GeV Au-Au
collision data from the RHIC experiments [15]. In this prior work, we presented comparisons
of the identified particle spectra, charged particle multiplicity versus pseudorapidity, iden-
tified particle multiplicity versus centrality, identified particle elliptic flow versus transverse
momentum, and charged particle elliptic flow as a function of transverse momentum and
rapidity.
In this paper, we will present aHydroQP predictions for Hanbury Brown-Twiss (HBT)
radii in 200 GeV Au-Au collisions. HBT interferometry studies the correlations of pairs of
particles obeying Bose-Einstein statistics and is based on quantum statistical interference.
The understanding of these correlations is crucial to study the system’s dynamics and the
space-time structure of the emitting sources formed at freeze-out [16–18]. We present com-
parisons of the HBT radii and their ratios for pi+pi+ pairs in different centrality classes as
a function of kT (pair mean transverse momentum). The dependence of the HBT radii on
kT provides information about the size of the regions over which the system emits particles
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with similar momentum (region of homogeneity). We first present comparisons with STAR
results for the HBT radii and their ratios. We then show comparisons with PHENIX results
from 2015 for the HBT radii and their ratios. In both cases, we find reasonable agreement
between our model and the experimental results, however, quantitative differences remain.
One should note that there are prior works which were able to describe results from pion
interferometry at 200 GeV Au-Au collisions [19–26]. In this paper, we want to investigate
the effect of the aHydro anisotropic distribution function on the HBT radii using our pre-
viously obtained parameter set, since the HBT correlations are sensitive to the freeze-out
conditions.
The structure of the paper is as follows. In Sec. II, we review the basics of anisotropic
hydrodynamics and the 3+1d dynamical equations. In Sec. III, we summarize the main
components of the 3+1d aHydroQP model, which was used previously and will be used in
this work. In Sec. IV, for Au-Au collisions at 200 GeV, we show comparisons of the HBT
radii and their ratios obtained using the 3+1d aHydroQP model with experimental data.
Sec. V contains our conclusions and an outlook for the future.
II. QUASIPARTICLE ANISOTROPIC HYDRODYNAMICS
The evolution of massive relativistic quasiparticle systems is governed by the Boltzmann
equation [27]
pµ∂µf(x, p) +
1
2
∂im
2∂i(p)f(x, p) = −C[f(x, p)] , (1)
where the mass (m) is a function of temperature obtained from lattice QCD calculations
and C[f(x, p)] is the collisional kernel which is taken to be in relaxation-time approximation
(RTA) [27].
In anisotropic hydrodynamics, the distribution function in the local rest frame is given
by
f(x, p) = feq
(
1
λ
√∑
i
p2i
α2i
+m2
)
, (2)
where the αi parameters encode the momentum-space anisotropy of the medium. This form
reduces back to the equilibrium distribution function with temperature T when αi = 1 and
the temperature like parameter, λ, is taken to be λ = T. Once the form of the distribution
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FIG. 1. HBT radii are as a function of kT for pi
+pi+ in the 0-5%, 5-10%, 10-20%, and 20-30%
centrality classes. The left, middle, and right columns show Rout, Rside, and Rlong, respectively.
All results are for 200 GeV Au-Au collisions and data shown are from the STAR collaboration [30].
The pT cuts used were 0.15 < pT < 0.8 GeV [30].
function is specified, the dynamical equations can be obtained using the first and second
moments of the Boltzmann equation. Detailed derivation of the dynamical equations for
aHydroQP can be found in Refs. [12, 27–29].
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III. 3+1D AHYDROQP MODEL
In this section, we highlight the main ingredients and assumptions used in the 3+1d
aHydroQP code used herein. First, we used smooth Glauber initial conditions, neglecting the
effects of fluctuations. We also used momentum-space isotropic initial conditions αi(τ0) = 1
and assumed that η/s = const [15]. For modeling the primordial hadron production and
subsequent hadronic decays, we use a customized version of THERMINATOR 2 which allows
for momentum-space anisotropies at freeze-out [31]. To determine the free parameters (η/s
and T0), we fit the pion, kaon, and proton spectra in the 0-5% and 30-40% centrality classes.
Once the parameters were determined [15], they can be used to compute other observables
such as the elliptic flow and the HBT radii. We note that our code is publicly available and
can be obtained using Ref. [32].
IV. PHENOMENOLOGICAL COMPARISONS
In this section, we present comparisons of the HBT radii predicted by aHydroQP with
√
sNN = 200 GeV Au-Au collision data. In this work, we continue our previous work [15]
and use exactly the same model parameters determined therein. It is worth mentioning that
the parameters obtained from [15] are τ0 = 0.25 fm/c, T0 = 455 MeV, η/s = 0.179, and
TFO = 130 MeV. For more details about the aHydroQP model and comparisons to RHIC
hadron spectra, v2, etc., we refer the reader to Ref. [15].
The correlation function used to obtain the HBT radii is parametrized in terms of three
Gaussians (the 3-D Bertsch-Pratt parameterization) [33, 34]
C(q, k) = 1 + λ exp[−R2outq2out −R2sideq2side −R2longq2long] . (3)
where λ is the incoherence parameter. The longitudinal component (Rlong) is parallel to the
beam axis (the z-axis), the out component (Rout) is chosen parallel to the mean transverse
momentum of the pair (the x-axis), and the side component (Rside) is perpendicular to
both Rlong and Rout (the y-axis). In a similar way, the relative momentum (q=p1-p2) is
decomposed into three components (qlong, qout, qside) [35, 36]. We have ignored final state
interactions such as the Coulomb repulsion between the similar charged pion pairs.
Now, let us turn to the comparisons between our model and the experimental results. In
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Figs. 1-4, we show the kT dependence of the HBT radii and their ratios. As can be seen in
Figs. 1 and 3, the HBT radii tend to decrease with increasing kT due to the change in the
size of the homogeneity regions. In Figs. 1-2, we show comparisons with STAR experimental
results in four kT bins [30]. In Fig. 1, we show the predicted HBT radii by aHydroQP (solid
lines) and the experimental results in four different centrality classes, 0-5%, 5-10%, 10-20%,
and 20-30%. In the left, middle, and right columns we show Rout, Rside, and Rlong as a
function of the mean transverse momentum of the pair pi+pi+. In the left column, we see
that our model overestimates the experimental data, particularly at kT ∼ 0.5 GeV. This is
most likely due to the smooth initial conditions used herein. Turning next to the middle
column, we see that the agreement between our model and the STAR data is reasonable,
however, quantitative differences remain. Lastly, in the right column, which shows Rlong, we
see that the agreement is clearly not as good as the other two columns especially at low kT .
Next, in Figs. 2 we compare the ratios of the HBT radii. In this set of figures, in the left,
middle, and right columns we show Rout/Rside, Rout/Rlong, and Rside/Rlong, respectively, as a
function of kT . As can be seen from this Figure, we find quite good agreement between our
model and the experimental results for HBT radii ratios. This is true for all ratios shown and
in all centrality classes. We note that our model slightly underestimates the ratio Rside/Rlong
due to overestimating Rlong in Fig. 1. The agreement with data found herein is similar to
what was found in previous works using dissipative hydrodynamics, however, in this work
we present comparisons in a larger range of centrality classes and compare with both STAR
and PHENIX data [19–25].
Next, we show comparisons with PHENIX experimental results obtained from [37] where
more kT bins are presented. In Fig. 3, we show the comparisons of the HBT radii predicted
by aHydroQP and the experimental results in 0-10% and 10-20% centrality classes. As in
Fig. 1, the left, middle, and right columns show Rout, Rside, and Rlong as a function of the
mean transverse momentum of the pair pi+pi+. In a similar way to what we have seen in the
comparisons with STAR results, we see that our model overestimates the data especially at
large kT . As an example, in column (a), we see that there is an approximately 30% difference
between our model prediction and the experimental results at large kT ∼ 0.8 GeV, while at
at low kT ∼ 0.3 GeV there is an approximately 20% difference. Similar discrepancies can
also be seen in column (c) for the Rlong and in the bottom row for Rout and Rlong. However,
as can be seen from column (b), in both centrality classes, we see that better agreement
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FIG. 2. Ratios of HBT radii as a function of kT for pi
+pi+ in the same centrality classes shown
in Fig 1. The left, middle, and right columns show Rout/Rside, Rout/Rlong, and Rside/Rlong, re-
spectively. All results are for 200 GeV Au-Au collisions and the data shown are from the STAR
collaboration [30].
between our model prediction and the experimental results for Rside.
In Fig. 4, we show the HBT radii ratios reported by PHENIX as a function of the pair
mean transverse momentum for pi+pi+ in the 0-10% and 10-20% centrality classes. As can
be seen from these panels, the agreement is quite good up to kT ∼ 0.5-0.6 GeV. In the left
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FIG. 3. HBT radii as a function of kT for pi
+pi+ in the 0-10% and 10-20% centrality classes. The
left, middle, and right columns show Rout, Rside, and Rlong, respectively. All results are for 200
GeV Au-Au collisions and the data shown are from the PHENIX collaboration [37]. The kT cuts
used were 0.2 < kT < 2.0 GeV [38].
column, which shows Rout/Rside, one sees that after kT ∼ 0.5 GeV, our model predictions
do not decrease enough to fully explain the experimental results. In the middle column,
which shows Rout/Rlong, one sees that the agreement in the 0-10% centrality class is quite
good, while in the 10-20% centrality class one sees that our model underestimates the data
at large kT . Finally, in the right column, which shows (Rside/Rlong), one can see the model
underestimates the data at large kT . Despite these quantitative differences, we note that
overall the model does a good job in reproducing the systematic trends seen in the data.
From our comparisons with both STAR and PHENIX data, we see that our model over-
estimates Rlong by on the order of 10-20%. This means that the longitudinal expansion of
the QGP in aHydro is stronger than what is seen experimentally. This is most likely due
to the fact that aHydro was taken to have a strong initial boost-invariant Bjorken flow. It
would be interesting to study the impact of having a slightly weaker initial longitudinal flow
profile. We note here that the agreement between model and data presented here is quite
similar to our prior comparisons between aHydroQP and ALICE results for 2.76 TeV Pb-Pb
collisions [14], however, in the case of the PHENIX data, in particular, the experimental
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FIG. 4. Ratios of HBT radii as a function of kT for pi
+pi+ in the 0-10% and 10-20% centrality classes.
The left, middle, and right columns show Rout/Rside, Rout/Rlong, and Rside/Rlong, respectively. All
results are for 200 GeV Au-Au collisions and data shown are from the PHENIX collaboration [37].
error bars are quite small which presents a challenge for the model.
V. CONCLUSIONS AND OUTLOOK
In previous works we have presented comparisons of 3+1d aHydroQP and relativistic
heavy-ion collision experimental data obtained at different collision energies. These past
studies allowed us to fix a set of model parameters such as initial central temperature, shear
viscosity, etc. for use in predicting additional observables. In this paper, using those pre-
viously determined parameters, we presented predictions of the aHydroQP model for the
femtoscopic HBT radii and their ratios at RHIC energies. We showed comparisons of model
predictions with data from both the STAR and PHENIX collaborations obtained using
charged pion correlations. We found reasonable agreement overall with experimental results
in several centrality classes and as a function of the pair mean transverse momentum, in
particular with respect to trends seen in the data. There were, however, quantitative dif-
ferences which were evident, for example, in Rlong. These quantitative differences deserve
further study. In particular, it would be interesting to see how sensitive this observable
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is to the assumed initial longitudinal flow of the QGP. Herein, for continuity with prior
work, we assumed the initial longitudinal flow profile to be Bjorken flow, which is extremal.
Perhaps a modest reduction in the initial longitudinal flow would improve agreement with
the experimental data beyond what has already been achieved. Additionally, we have used
smooth (non-fluctuating) Glauber initial conditions which is definitely too simplistic. By
including fluctuating initial conditions, one can expect to see reductions in the size regions
of homogeneity, which may help to bring model predictions into better agreement with ex-
perimental data. Looking to the future, we are working on comparisons with experimental
data from 5.02 TeV Pb-Pb collisions, including HBT radii. We also are working on in-
cluding off-diagonal terms in the anisotropy tensor [39], using more realistic (fluctuating)
initial conditions, and using collisional kernels that go beyond the relaxation-time approxi-
mation [40, 41].
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